Formate transport across the inner membrane is a critical step in anaerobic bacterial respiration. Members of the formate/nitrite transport protein family function to shuttle substrate across the cytoplasmic membrane. In bacterial pathogens, the nitrite transport protein is involved in protecting bacteria from peroxynitrite released by host macrophages. We have determined the 2.13-Å structure of the formate channel FocA from Vibrio cholerae, which reveals a pentamer in which each monomer possesses its own substrate translocation pore. Unexpectedly, the fold of the FocA monomer resembles that found in water and glycerol channels. The selectivity filter in FocA consists of a cytoplasmic slit and a central constriction ring. A 2.5-Å high-formate structure shows two formate ions bound to the cytoplasmic slit via both hydrogen bonding and van der Waals interactions, providing a structural basis for the substrate selectivity of the channel.
Formate and nitrite are major metabolites formed during bacterial respiration under anaerobic conditions, and for certain bacterial pathogens, nitrite is also key in overcoming the immune responses of mammals. Up to one-third of the glucose in fermenting Escherichia coli cells is converted to formate via the pyruvate formate lyase pathway 1, 2 . To prevent acidification of the bacterial cytoplasm, formate is exported from the cell across the inner membrane by the transport protein FocA. In the periplasm, formate is subsequently reduced by formate dehydrogenase into carbon dioxide. In contrast, the homologous nitrite transport protein NirC is employed by bacteria to import the solute into the cytoplasm, where it is reduced by nitrite reductase NirB into ammonia 3 . The pathogen Salmonella typhimurium uses this transport system to defend itself against the attack of peroxynitrite produced by the inducible nitric oxide (NO) synthase of the host by importing nitrite for neutralization [4] [5] [6] [7] . A higher NO output is observed for mouse macrophages infected with nirC-knockout Salmonella 7 . Notably, the NirC mutant has shown a marked reduction in NO-dependent intracellular proliferation both in cultured macrophage cells and in liver, spleen and lymph tissues, highlighting NirC as a virulence protein in Salmonella.
Both the FocA and NirC proteins belong to the formate nitrite transporter family (FNT, TC 2.A. 44 (ref. 8) ). A recent search in the InterPro database yielded ~1,500 members from bacteria, archaea and eukaryotes. The organisms whose genome contain FocA or NirC orthologs include cadmium-resistant bacterium Euglena gracilis 9 , pathogenic fungi such as Toxoplasma gondii, Candida albicans, Aspergillus fumigatus and Aspergillus flavus, the malaria parasite Plasmodium spp. and plants. However, no FNT member has been discovered in animals, making the NirC protein from human pathogens like Salmonella an attractive target for antimicrobial development.
The best-characterized FNT members thus far are the formate transport protein FocA 10, 11 and the nitrite transport protein NirC 3,12 , both from E. coli. Most FNT proteins are composed of ~280 residues ( Supplementary Fig. 1) , and the E. coli FocA has been shown by phoA and lacZ fusion to possess six transmembrane α-helices, with both the N and C termini located in the cytoplasm 11 . focA knockouts show a 50% reduction in formate export in E. coli, resulting in a cytoplasmic accumulation of formate up to 10 mM. NirC, by contrast, mediates high-flux transport of nitrite across the E. coli inner membrane in both directions 12 . However, the substrate transport mechanism used by FNT proteins is unknown. It is even unclear whether they function as channels or transporters 11 , a confusion that is reflected in the nomenclature: although the founding member of the family is named as a channel (hence the "c" in FocA) 11 , the entire group of proteins is classified as a transporter family (hence the "T" in FNT) 8 . Notably, if FNT proteins operate as transporters, to understand their mechanism of action one would need to know the substrate binding site, the driving force and the conformational changes that occur during substrate translocation. Alternatively, if the proteins function as channels, understanding of their transport mechanism would require identification of the substrate selectivity filter, characterization of the substrate-filter interaction and suggestion of a possible gating mechanism. We set out to understand the transport mechanism of formate nitrite transport proteins by structural and biochemical approaches, and we chose to characterize the FocA protein from V. cholerae.
RESULTS
FocA protein from V. cholerae FocA was expressed in E. coli and purified in the detergent β-octylglucoside (β-OG) and 20 mM formate. Purified FocA showed high monodispersity and stability in a number of detergents, and thus appeared to be an ideal target for crystallization experiments. In octylglucoside solution, the protein has an apparent molecular weight of 303 kDa, which includes 142 kDa a r t i c l e s of bound detergent and phospholipid molecules, as measured by analytical size-exclusion chromatography coupled with static light scattering and refractive index techniques (Fig. 1a) . The protein mass of 161 kDa agrees with a FocA pentamer of 155 kDa. Under the electron microscope, purified protein appears in various orientations on the grid, some as donut-like rings of 80-90 Å in diameter (Fig. 1b) , which is consistent with a 155-kDa FocA pentamer. To investigate whether the FocA protein from V. cholerae transports formate across the membrane, we measured formate uptake into proteoliposomes using a concentrative uptake assay 13, 14 , which is suitable for measuring transport activities of both channels and transporters 15 . Formate uptake was observed at pH 6.7 in proteoliposomes reconstituted with V. cholerae FocA (Fig. 1c) , showing that the protein is able to transport formate. As no pH or additional electrochemical gradient existed across the proteoliposomes membrane other than the equimolar counterions (glutamate or acetate) used to balance the charges 14, 15 , the FocA protein probably functions as either a formate channel or a uniporter 16 .
We grew three-dimensional crystals of V. cholerae FocA in the presence of 20 mM formate (designated the low-formate crystal form) that diffracted X-rays to ~2-Å resolution. Its structure was determined at 2.13 Å using a platinum derivative by SIRAS phasing, and the map quality was improved markedly with noncrystallographic symmetry averaging ( Table 1) . The R work after refinement, upon removal of the noncrystallographic symmetry constraints, was 18.0%, and the R free was 21.0%. As observed in solution and in the membrane, the FocA protein exists as a homopentamer in the crystal structure (Fig. 1d,e) , with a diameter of 82 Å and a thickness of 58 Å. Whereas the construct used for crystallization contained the entire 280-residue sequence, the first 22 residues at the N terminus and the last 3 at the C terminus were disordered in the crystal. In addition to the protein, 16 octylglucoside detergent molecules and 346 water molecules were present in this low-formate crystal form ( Table 1 ). All five FocA monomers in the pentamer, named A-E, have a similar overall structure (Fig. 1d,e) . However, one particular loop adopts one configuration in monomers A-C and a different configuration in monomers D and E. We will first describe the structure of monomer A, the best ordered in the former group, and then describe the structure of the better-ordered monomer in the latter group, monomer E.
FocA monomer
The FocA monomer, as depicted in monomer A, consists of six transmembrane α-helices, TMs 1-6 (Fig. 2) . The second and fifth helices are broken in the middle of the membrane. Viewed from the periplasmic side, the protein has the shape of a kite (Fig. 2a) . The acute corner of the kite is located close to the five-fold axis of the pentamer, and the angle at the corner is ~72° (Fig. 1d) . The transmembrane helices form a right-handed twisted bundle with a pore in the middle of the monomer. Viewed from within the membrane, FocA resembles an hourglass, with most of the helices tilted from the membrane normal at a ~35° angle (Fig. 2b,c) . The cytoplasmic surface of the protein, on which both the N and C termini reside, is relatively flat. On the periplasmic side, the L3-4 loop connecting TM3 and TM4 contains a four-turn helix (helix P), which lies parallel to the membrane surface in a groove formed by the tilted transmembrane helices.
Notably, the first three transmembrane α-helices (TMs 1-3) and the second three (TMs 4-6) form inverted repeats in the membrane, with the two halves being related by pseudo-twofold symmetry around an axis that is parallel to the membrane plane (Fig. 2b,d ). In the first half, TM1 is sandwiched between TM2 and TM3 (Fig. 2c) . With its N terminus in the cytoplasm, TM1 is a straight α-helix of 8.5 turns (residues Glu23-Val54). Following a short loop, L1-2, the next transmembrane helix is broken into two. TM2a starts at Tyr63 and ends at Thr84 in the cytoplasmic half of the membrane, whereas TM2b begins at 16 Å away within the membrane at residue Phe90, and is tilted from the membrane surface at a small angle (Fig. 3a,b) . The segment that connects TM2a and TM3, of which TM2b is a part, has the shape of the Greek letter "Ω." TM3 (residues Leu107-Thr134) goes across the membrane at a 40° angle to the periplasmic side (Fig. 2a-c) . Following the L3-4 loop, which contains helix P, the symmetry-related second half of the protein starts from the N terminus of TM4 in the periplasm and ends with the C terminus of TM6 in the cytoplasm, with TM5b broken into two halves and each penetrating through only halfway into the membrane (Fig. 2b-d) . This pseudo-twofold symmetry between the two protein halves, however, is far from perfect. Whereas the 4.5-turn TM5b penetrates halfway into the membrane, the symmetrically related TM2b consists of only 1.5 turns and is tilted at a very different angle. The loop between TM5a and TM5b, containing only four residues (Gly205-His208) and located in the middle of the membrane, is in an extended configuration with a shape similar to that of the letter "S" (Supplementary Fig. 2 ). The His208 reside from the S loop interacts with the Ω loop by forming a hydrogen bond to its Thr90 residue (Figs. 3b and 4) .
The structure of the FocA monomer ( Fig. 2a-c) is reminiscent of the fold found in the water and glycerol channels of the aquaporin (AQP) and glycerol facilitator (GlpF) family [17] [18] [19] . Despite the lack of any detectable homology in residue sequence-the identity between the V. cholerae FocA and both human AQP1 and E. coli GlpF is merely Fig. 3 ). The similarity is particularly evident in the inverted twofold symmetry, in the total number of transmembrane α-helices (six), in their topology, in the right-handed twist of the helix bundle, and even in the existence of a pore in the middle of the monomer. However, major differences are also obvious between the two families of transport proteins. First, AQP and GlpF channels form tetramers in the membrane and in detergent solution 20 . All known crystal structures of such proteins (by now more than ten of them have been solved from various species of bacteria, yeast, plants and mammals) are also uniformly tetrameric [17] [18] [19] 21, 22 . The r.m.s. deviation between FocA and AQP1 is 7 Å for α-carbon. As expected from such difference in oligomeric state, the FocA monomer is more 'squeezed' when viewed along the membrane normal ( Supplementary Fig. 3 ). Within the transmembrane region, the structures of the two protein families also have significant differences, which may have mechanistic consequences. Helices TM2a and TM5a in FocA are notably shorter than their counterparts in AQP1 or GlpF [17] [18] [19] and therefore span only halfway into the membrane as opposed to its entire thickness. Two equal-length, short helices in AQP/GlpF, HA and HB, interact head to head via the conserved NPA motifs in the middle of the membrane, form essentially the seventh transmembrane α-helix in those proteins [17] [18] [19] . In contrast, although TM5b of FocA is at a similar position as its counterpart HB in AQP1, the shorter TM2b helix is in a completely different position and tilted at a much smaller angle from the membrane plane (Fig. 2b,d ). As expected, the signature asparagineproline-alanine (NPA) motifs of the AQP/GlpF family are missing in the FocA sequence (Supplementary Fig. 1 ). As a result of such structural differences, the geometry of the central channel in the monomer is also different between the two protein families (Supplementary Fig. 3 ).
FocA pentamer
FocA monomers assemble into a pentamer with the acute corner of each kite located near the five-fold axis (Fig. 1d) . The fivefold symmetry is maintained for most parts of the protein, with an r.m.s. deviation of 0.32 Å for the backbone Cα atoms and 0.62 Å for all nonhydrogen atoms, except for the Ω loop connecting TM2a and TM3, which varies among the five monomers in both its position and the degree of order in the crystal (Supplementary Table 1 ). In monomers B and C, the configuration of the Ω loop is similar to that found in monomer A (Fig. 3b) (which we thereby named the UP position), except that the C-terminal end of the Ω loop is largely disordered. By contrast, in monomers D and E, although the beginning of the Ω loop (residues Gly85-Leu88) is in the same position as in monomers A-C, the rest of the Ω loop moves in the direction of the cytoplasm by ~5 Å (Fig. 3c and Supplementary Figs. 4 and 5) (which we named the DOWN position for the loop). As a result, the hydrogen bond between Thr90 of the Ω loop and His208 of the S loop is broken and, interestingly, a water molecule occupies the original position of Thr90, forming a hydrogen bond with His208 ( Supplementary Fig. 4 ). In addition, the 1.5-turn helix TM2b found in monomers A-C completely unwinds, and a different segment in the sequence of the Ω loop (residues Val93-Ser101) forms a new TM2b (Fig. 3a,c, Supplementary Fig. 5 ). The C-terminal end of the Ω loop and TM3 (residues Gly85-Glu108) is designated as the Ω loop. The short helix with loop L3-4 on the periplasmic side is designated as the P helix. Thin circles at the termini (residues Met1-Gly22; Leu278-Asp280) indicate disordered residues in the crystal structure. (Fig. 1a,b) . The interface between two monomers, formed between TM1-3 of one monomer and TM4-6 of the adjacent monomer, has an area of ~1,450 Å 2 . Although there are no salt bridges and few hydrogen bonds between the neighboring monomers, the van der Waals contacts are rather intimate, with a surface complementarity parameter of 0.68, comparable to that of a typical interface between an antibody and its protein antigen 24 . As in the case of the water and glycerol channels [17] [18] [19] , such large interface area and high degree of surface complementarity between the monomers give the FocA pentamer unusual stability (Fig. 1a,b) .
The fivefold axis in the FocA pentamer prescribes a large central pore (Fig. 1d and Supplementary Fig. 6 ). Although with a diameter of only 2.8 Å at its cytoplasmic entrance, the central pore is wide open in the middle of the membrane, with a diameter of ~13 Å, and it narrows down to ~10 Å on the periplasmic side ( Supplementary  Fig. 6 ). This central pore is lined by the N-terminal half of TM5a on the cytoplasmic side and the N-terminal half of TM2a on the periplasmic side. The small diameter of its cytoplasmic entrance is mediated by the side chains of Met192 from each of the five TM5a helices. Five octylglucoside detergent molecules are found inside the central pore, suggesting that the pore is probably occupied by lipid molecules in the native membrane environment (Supplementary Fig. 6 ). As the residue Met192 is not conserved among FocA proteins ( Supplementary  Fig. 1 ) and also because the rest of the central pore is too wide to be the selectivity filter (for a channel) or a substrate binding site for an ion with the size of formate, the central pore is unlikely to facilitate formate transport across the membrane. This is consistent with the fact that in APQ1 or GlpF the conducting channel is not located at the fourfold axis of those tetramers [17] [18] [19] .
Pore in the monomer
We then focused on the pore in the middle of the monomer, which is continuous and open to both sides of the membrane (Fig. 4a) . The pore in the center of the FocA monomer can be divided into three parts along the membrane normal: the funnel or wide opening on the cytoplasmic side, the extended narrow pore in the middle and the funnel on the periplasmic side of the protein (Fig. 4b) . The narrow pore is 18 Å long, whereas the cytoplasmic and periplasmic funnels are 16 Å and 20 Å long, respectively. The axis of the cytoplasmic funnel is tilted at ~35° from the membrane normal. The funnel has an opening on the cytoplasmic surface of the protein of 30 Å by 15 Å, and it gradually narrows down into a slit of 2-3 Å at the inner end of the funnel. The funnel is lined by TM1, TM2b, the Ω-loop, TM4, the L4-5 loop, TM5 and TM6. The entire surface of the cytoplasmic funnel is very basic.
The cytoplasmic funnel becomes the extended narrow pore in the middle of the membrane (Fig. 4b,c) . The cross-section of the pore changes along the membrane normal in shape, size and surface property. Whereas the cytoplasmic half is elliptical and narrower, the periplasmic half is circular and wider, with the narrowest parts being (Fig. 5) . It is formed by Leu78 from TM2a, Leu88 and Thr90 from the Ω loop, and Val174 from TM4. His208 from the S loop sits vertically on the periplasmic side of the slit, where the pore has an elliptical shape of 3.4 Å by 5.4 Å in cross-section. Further in the periplasmic direction, the central constriction ring is 2.3 Å in diameter, formed by the side chains of Phe74 from TM2a, Phe201 from TM5a, the His208 Cβ atom from the S loop and Ala211 from TM5b (Figs. 4c and 5a) . The pore becomes ~6 Å wide on the periplasmic side of the central ring. Whereas the cytoplasmic one-third of the narrow pore is basic, the two-thirds on the periplasmic side is completely hydrophobic. In monomer E, however, with its Ω loop in the DOWN position and the Thr90 and Ser91 residues moved away, the cytoplasmic slit becomes 2.1 Å by 7.2 Å in cross-section and is surrounded by five residues (Leu78, Leu88, Phe89, Asn171 and Val174) instead of four as in monomer A (Figs. 4d) . The long edge of the slit is approximately parallel to the long axis of the FocA monomer kite. Notably, all these residues, both at the slit and the central ring, are highly conserved among various FNT members including both FocA and NirC (Supplementary Fig. 1 ).
Similarly to the extended narrow pore, the periplasmic funnel is roughly normal to the membrane plane (Figs. 3a and 4a,b) . The periplasmic funnel begins with a 7-Å-long cylinder of 8 Å in diameter in the membrane before it opens up to ~30 Å in size at the periplasmic surface. The cylindrical part of the funnel is lined by TM1, TM2a, the S loop, the L3-4 loop including helix P, and TM4, whereas the periplasmic opening of the funnel is lined by TM2a, the S loop and helix P. Notably, in contrast to the basic nature of the cytoplasmic funnel, the surface of the periplasmic funnel is largely acidic.
As the central pore around the fivefold axis was unlikely to transport substrate, the pore structure in the middle of the FocA monomer immediately suggested a formate translocation pathway (Fig. 4a,b) . This is again similar to the AQP and GlpF channels, for the water/glycerol pathway is located in the center of the monomer [17] [18] [19] . Furthermore, no thin or thick gate is observed in FocA that blocks the transport pathway, as one would expect for a membrane transporter 25, 26 . The observation of a narrow pore and the absence of any gate-like structural features in the pore imply that FocA operates via a channel mechanism instead of that of a transporter. It follows that the extended narrow pore constitutes its substrate selectivity filter. This notion that FNT proteins operate as channels also agrees with the following experimental evidence: (i) we found that no gradient other than that of formate is required for its uptake into proteoliposomes by V. cholerae FocA (Fig. 1c) , and (ii) the transport of nitrite across the E. coli inner membrane by NirC is bidirectional and its rate of transport is much faster than that of other nitrite transporters 12 . Finally, the fact that we observed a water molecule in the selectivity filter of two of the FocA monomers ( Supplementary Fig. 4 and Supplementary  Table 1 ) suggests that the channel may be permeable to water.
Locations of formate ions in the pore
To characterize the interaction between the substrate selectivity filter and formate in the FocA channel, we grew FocA crystals in the presence of 120 mM formate and determined its structure at 2.5-Å resolution (designated the high-formate structure, Table 1 ). The overall FocA structure does not change in the presence of high formate concentration, but variations among the monomers are again evident in the Ω loop (Supplementary Table 1) . As in the low-formate structure, the Ω loop in monomers A-C is in the UP position, whereas in monomers D and E, the loop is in the DOWN position. Notably, in the latter two monomers of the high-formate structure, instead of water molecules, two formate ions are found at the cytoplasmic slit in the selectivity filter (Fig. 5b,c,e) . The observation that formate ions are visible in the structure in the presence of 120 mM but not 20 mM formate indicates that the affinity of the protein for its substrate is in the range of millimolar or even tens of millimolar. Such a concentration needed for substrate visualization in the selectivity filter is very similar to that for the voltage-gated K + channel 27 , further supporting the notion that FocA operates as a channel instead of as a transporter 16 .
In monomers D and E, the first formate ion (which we called formate 1) is located at the opening of the cytoplasmic slit, whereas the second formate (formate 2) is 2.9 Å away on the periplasmic side of the slit (Fig. 5b,c,e) . Both formate ions are dehydrated. Formate 2, the inner substrate, occupies the same position as the water molecule in the low-formate monomer E structure (Supplementary Fig. 4) . It is coordinated from the periplasmic side by His208, with both its oxygen atoms making a bidentate hydrogen bond with the ε 2 nitrogen of the His208 imidazole ring 28, 29 (Supplementary Fig. 7 and Supplementary Table 2 ). The proximity of His208 to the N terminus of TM5b, a result of the existence of the helix dipole moment, makes the histidine residue more positively charged than usual, probably resulting in a stronger hydrogen bond with the formate. Within the (Fig. 5b,c,e) . In addition to van der Waals contact with the side chains of Leu88, Phe89 and Asn171, the formate via its O2 atom also participates in hydrogen bonding to the Nδ 2 atom of Asn171. At the cytoplasmic side, formate 2 participates in hydrogen bonding and van der Waals contact with the O2 of formate 1. In the membrane plane, formate 1 also makes contact with the side chains of Leu88, Thr90 and Asn171 (Supplementary Table 2) . Thus, both formate substrates, particularly the inner one, make very specific interactions with the selectivity filter.
DISCUSSION

Structural basis of substrate selectivity
The specific interactions of two bound formate ions with the selectivity filter as well as the cross-section size and electrostatic surface property of the selectivity filter (Fig. 5a-e) immediately suggest a structural basis for substrate selectivity of the formate channel (Fig. 5f) . The positively charged surface of the cytoplasmic funnel helps to concentrate formate ions-a preselection process-as observed in the case of the nicotinic acetylcholine receptor (nAChR), a ligandgated ion channel 30 . The selectivity filter of the formate channel begins at the cytoplasmic slit. A formate ion enters the slit as observed in monomers D and E (Fig. 5c,f) . At the inner site, both oxygen atoms of the formate form a hydrogen bond with the Nε 2 atom of His208, and the formate makes van der Waals contact with the slit, suggestive of a coin in a slot, except that the coin cannot tilt or rotate due to the hydrogen bonds. The binding of the inner formate ion in turn facilitates the binding of the outer formate ion by forming a hydrogen bond with the latter. Once the first formate ion passes the cytoplasmic slit, it goes through the remaining part of the selectivity filter fairly smoothly.
There is probably little electrostatic interaction with the periplasmic half of the pore due to its hydrophobic surface; the size of the 2.3-Å central restriction ring fits with the dimensions of the formate. After the formate ion reaches the exit of the filter, the negatively charged periplasmic funnel rapidly repels it into the extracellular space. The existence of the two deep funnels in the protein reduces the energetic penalty for ion access to the hydrophobic part of the membrane 31, 32 .
As expected from the similarities in protein fold, the overall shape of the FocA channel and the length of its selectivity filter are similar to those of AQP1 and GlpF [17] [18] [19] . Compared to APQ and GlpF channels, the positions of the narrowest parts are more in the cytoplasmic half of the selectivity filter in FocA. The narrow dimension of constriction rings, at 2.1-2.3 Å, is in between the filter dimensions of the water and glycerol channels, which are ~1.8 Å and ~2.5 Å, respectively [17] [18] [19] , consistent with the relative sizes of the three types of substrates. Notably, many key residues involved in the ion selectivity of FocA are from loops that connect broken α-helices membrane, as has been observed for other channels and transporters [32] [33] [34] .
The position of the substrate translocation pathway in FocA is in stark contrast to that of other pentameric channels 30, [35] [36] [37] or to those of voltage-or ligand-gated ion channels 30, 31, 38 , in which the substrate pathway is located at the center of the oligomers. Channels for larger ions and solutes often function as a monomer, which in turn forms a highly stable oligomer, each of whose monomer units has a separate transport pathway [39] [40] [41] . As the structural rigidity of the selectivity filter of a channel is crucial for achieving its required selectivity 31 , the oligomerization of a channel protein with only six transmembrane helices obviously provides an efficient way to achieve that goal. Whether such oligomerization also implies cooperativity between the monomeric channels is unclear; we favor the opinion that oligomerization does not imply cooperativity, as the rigidity of the monomer, and of the large monomer-monomer interface, make such cooperation hard to materialize 42 .
Flexibility of the  loop
Given the well-ordered structure of the FocA protein both in the absence and presence of formate, the flexibility of the Ω loop observed in this work is striking (Supplementary Table 1) . Whether such flexibility of the loop has any mechanistic significance is unclear. We would hypothesize that the flexibility of the Ω loop, and in particular the position of the Thr90 residue of the loop, provides a gating mechanism for the formate channel. In the low-formate structure of monomers A-C, the Ω loop is in the UP position with the Thr90 residue forming a hydrogen bond with the His208 residue of the S loop, thus preventing formate ions from entering the selectivity filter (Fig. 5a,d ). In the high-formate structure of monomers D and E, the Ω loop swings out to the DOWN position and the Thr90 and Ser91 residues move away from the entrance of cytoplasmic slit, allowing formate ions to enter the selectivity filter (Fig. 5b,c,e) . In short, we hypothesize that the competition of formate with the Thr90 residues for hydrogen bonding with His208 opens the channel-a substrate-gated mechanism for the formate channel. This resembles the situation with the voltage-dependent chloride channel ClC-0, in which channel opening is strongly facilitated by extracellular chloride 43, 44 . The movement of the Ω loop in such a gating mechanism, on the other hand, is similar to that observed for aquaporins from plants and yeast, in which the swinging in of a loop into the cytoplasmic funnel occludes the pore without changing the structure of the selectivity filter 45, 46 . However, we have no experimental evidence that supports such a hypothesis for FocA gating. This hypothesis, along with other mechanistic questions, such as whether FocA is permeable to water, whether it selects formate over nitrite, and whether there is any cooperativity among monomers in the pentamer, await further biochemical, biophysical and structural investigations. 
METhODS
Methods
ONLINE METhODS
Protein purification and crystallization. We cloned FocA from V. cholerae into a pBAD vector with a C-terminal decahistidine tag and overexpressed in E. coli (C43) cells [48] [49] [50] . Following cell disruption and membrane solubilization with 1% (w/v) β-dodecylmaltocide (DDM), we incubated the supernatant with TALON Co 2+ resin overnight. After washing, we eluted the protein from the resin using a buffer containing 1.1% (w/v) β-octylglucoside, 20 mM sodium formate, 100 mM NaCl, 8% (v/v) glycerol and 10 mM Tris, pH 7.5. We concentrated and further purified the eluate via size-exclusion chromatography using a Sephadex 200 column on Akta FPLC (GE Healthcare). We collected and concentrated peak fractions to ~8 mg ml −1 before crystallization trials. We grew FocA crystals in 2 d using the vapor diffusion method and sitting drop trays (Emerald Biosciences) in a buffer containing 32% (v/v) PEG 550 monomethyl ether and 25 mM MgCl 2 . We prepared high-formate crystals similarly except substituting 120 mM sodium formate for NaCl in all buffers and adding 20 mM MOPS at pH 6.7 to the crystallization buffer.
Determination of protein oligomeric state. We measured the mass of the FocA protein in solution using a Wyatt miniDAWN TREOS 3 angle-static lightscattering detector, a Wyatt Optilab rEX refractive index detector and an Agilent variable wavelength detector UV absorbance detector 51 . We injected purified protein sample (5 µl) onto a TSK-GEL SuperSW3000 4.6 mm ID by 30 cm silicagel size-exclusion column in buffer containing 0.016% of DDM at a rate of 0.25 ml min −1 . We calculated a value for the differential refractive index (dn/dc) for DDM of 0.128 ml g −1 using the Wyatt Optilab rEX refractive index detector. We deconvoluted the protein-detergent conjugate using a previously described method 52 . We did not account for refractive index contributions due to bound lipid in the calculation.
Electron microscopy. We applied purified protein samples to an electron microscopy grids coated with carbon film, stained the samples with 2% (w/v) uranyl acetate, and took them to dryness 53 . We then checked the grids in a CM12 electron microscope (Philips Electron Instruments).
Transport activity assay. We measured the transport activity of FocA using a concentrative uptake assay 13, 14 . We dissolved 10 mg ml −1 E. coli total phospholipid (Avanti Polar Lipids) in chloroform and dried it under nitrogen followed by high vacuum for 1 h. We resuspended the lipid by vortexing and brief sonication (<30 s) into degassed, filtered buffer containing 150 mM sodium formate and 20 mM MOPS, pH 6.7. After ten cycles of freezing and thawing, we prepared the vesicles via extrusion (Avanti Mini-Extruder) using a filter of 400-nm pore size. We prepared proteoliposomes by the addition of protein before extrusion in a protein-to-lipid ratio of 1:10,000 (w/w) and allowed the mixture to incubate on ice for 2 h. We performed buffer exchange immediately before assaying by application of 400 µl proteoliposomes to a fresh 1.8-ml G50 fine Sephadex (GE Healthcare) column equilibrated with 150 mM sodium glutamate and 20 mM MOPS, pH 6.7, and centrifuged the mixture at 735g for 2 min. We initiated transport assays by the addition of 450 µM 14 C-labeled sodium formate (American Radiolabeled Chemical), terminated the assays by applying 20 µl from each time point to a G-50 Probequant Micro Column (GE Healthcare) and centrifuged the mixture for 2 min at 700g. We measured the resulting proteoliposomes for activity using 1 ml scintillation fluid and counted them on a Wallac 350 scintillation counter.
Structure determination. We collected X-ray diffraction data at beamlines X25 and X29 in the National Synchrotron Light Source of the Brookhaven National Laboratory. We processed and scaled images using HKL2000 and SCALEPACK 54 . For low-formate crystals, we obtained a heavy atom derivative by adding 6 mM potassium tetrachloroplatinate(II) (Hampton Research) directly to the drop containing preformed crystals and allowed the mixture to incubate for 2 h. We collected anomalous data at the platinum L3 edge and obtained phases by single isomorphous replacement with anomalous scattering (SIRAS) using the program Phenix Autosol 55 . We solved the high-formate crystal structure using the lowformate structure as the initial model. We built models using COOT 56 and carried out refinement using Phenix Refine 55 . We generated structure figures using the programs PyMOL 57 and Chimera 58 (University of California, San Francisco). We observed octylglucoside molecules in some of the FocA monomers, as has been the case for other membrane transport proteins 59, 60 .
